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METHOD , DEVICE, AND SYSTEM FOR REGENERATION AND 
APPLICATION OF OPTICAL CLOCK 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to a method, device, 
and system for regeneration and application of an optical 
clock. 

D esc rip t ion of the Related Art 

This application is related to U.S. application 
numbers 09/217,018, 09/386,847 and 09/456,821, which are 
incorporated herein by reference. 

A mode-locked laser (MLL) is one of the most 
general high-quality laser light sources, and it is 
broadly classified into an active mode-locked laser and a 
passive mode-locked laser. The active mode-locked laser 
is of a type such that amplitude modulation (AM) or 
frequency modulation (FM) is added under laser 
oscillation conditions to thereby oscillate pulse light 
synchronous with the modulation. On the other hand, the 
passive mode-locked laser is of a type such that such 
modulation is not added, but external pulse light is 
input to generate pulse light having a shorter pulse 
duration in response to the external input pulse light. 
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Each type of mode-locked laser is most generally used as 
a short-pulse light source. 

The present invention provides an active mode- 
locked laser in which external signal light (general 
signal light used in optical communication) is added to 
oscillate continuous pulse light synchronous with a 
fundamental frequency (modulation frequency) of the 
signal light. The continuous pulse light is output as an 
optical clock. Thus, the active mode-locked laser 
according to the present invention can be used not only 
as a high-quality pulse light source, but also as an 
optical clock regenerator in an optical repeater. 

Conventionally known is a device for regenerating 
an optical clock so configured that input signal light is 
once converted into an electrical signal by a 
photodetector such as a photodiode, that a fundamental 
frequency is electrically extracted according to the 
converted electrical signal, and that laser light is 
intensity -modulated at this fundamental frequency to 
thereby obtain the optical clock. This kind of device is 
applied to a regenerative repeater in optical fiber 
communication, for example. However, the operating speed 
of this device is limited by an electrical circuit 
related to signal processing, so that the bit rate of 
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applicable input signal light is limited by the 
electrical circuit. 

Further, another optical clock regenerator 
employing an active mode-locked laser with an optical 
modulator (LN (lithium niobate) modulator, EA 
(electroabsorption) modulator, etc.) inserted therein is 
also known. In this optical clock regenerator, the 
optical modulator is modulated at a fundamental frequency 
electrically regenerated as similarly to the above to 
regenerate clock pulses . 

In any prior art technique mentioned above, it is 
necessary to perform opto/electric conversion such that 
signal light is converted into an electrical signal to 
regenerate an optical clock, and the operation of the 
device is dependent on the bit rate, pulse shape, etc. of 
signal light. 

SUMMARY OF THE INVENTION 

It is therefore an object of the present invention 
to provide a method, device, and system for regeneration 
and application of an optical clock not depending on the 
bit rate, pulse shape, etc. of signal light without the 
need for opto/electric conversion. 

In accordance with a first aspect of the present 
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invention, there is provided an optical device comprising 
an optical path provided between an input port and an 
output port, and an optical loop optically coupled to the 
optical path. Signal light modulated at a frequency f s is 
supplied to the input port. The optical loop comprises an 
optical amplifier for compensating for a loss in the 
optical loop so that laser oscillation occurs in the 
optical loop, an adjuster for adjusting the optical path 
length of the optical loop so that the frequency f a 
becomes equal to an integral multiple of the reciprocal 
of a recirculation period of the optical loop, and a 
nonlinear optical medium for mode-locking the laser 
oscillation in the optical loop according to the signal 
light. 

For example, the nonlinear optical medium comprises 
a third-order nonlinear optical medium. In this case, 
amplitude modulation, for example, is performed in the 
nonlinear optical medium by four-wave mixing using the 
signal light as pump light, thereby mode-locking the 
laser oscillation in the optical loop. As a result, an 
optical clock is regenerated at a frequency equal to the 
modulation frequency f s of the signal light. 

According to the first aspect of the present 
invention, the optical clock can be regenerated without 
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the need for opto /electric conversion and the dependence 
on the bit rate, pulse shape, etc. of the signal light. 

In accordance with a second aspect of the present 
invention, the optical device further comprises a 
waveform shaper optically connected to the output port 
for performing waveform shaping of the signal light 
according to an optical clock output from the output port. 
The waveform shaper may be provided by a nonlinear 
optical loop mirror, for example. 

According to the second aspect of the present 
invention, the waveform shaping can be easily performed 
according to the optical clock regenerated without the 
need for opto/electric conversion. 

In accordance with a third aspect of the present 
invention, there is provided a system comprising an 
optical fiber transmission line for transmitting signal 
light and an optical device connected to an output end of 
the optical fiber transmission line. The optical device 
in this system may be provided by the optical device 
according to the first or second aspect of the present 
invention. 

In accordance with a fourth aspect of the present 
invention, there is provided a system comprising an 
optical fiber transmission line for transmitting signal 
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light and at least one optical repeater arranged along 
the optical fiber transmission line. Each of the at least 
one optical repeater comprises an optical clock 
regenerator for regenerating an optical clock by mode 
locking of laser oscillation according to the signal 
light, and a waveform shaper for performing waveform 
shaping of the signal light according to the optical 
clock regenerated by the optical clock regenerator. 

In accordance with a fifth aspect of the present 
invention, there is provided a method comprising the 
steps of (a) generating laser oscillation in an optical 
loop including a nonlinear optical medium; (b) 
introducing signal light modulated at a frequency f s into 
said optical loop; (c) adjusting the optical path length 
of said optical loop so that said frequency f s becomes 
equal to an integral multiple of the reciprocal of a 
recirculation period of said optical loop; and (d) 
regenerating an optical clock by mode-locking said laser 
oscillation according to said signal light. 

The above and other objects, features and 
advantages of the present invention and the manner of 
realizing them will become more apparent, and the 
invention itself will best be understood from a study of 
the following description and appended claims with 
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reference to the attached drawings showing some preferred 
embodiments of the invention. 



BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram showing a first preferred 
embodiment of the optical device according to the present 
invention; 

FIG. 2 is a block diagram showing a second 
preferred embodiment of the optical device according to 
the present invention; 

FIG. 3 is a block diagram showing a third preferred 
embodiment of the optical device according to the present 
invention; 

FIG. 4 is a block diagram showing a fourth 
preferred embodiment of the optical device according to 
the present invention; 

FIG. 5 is a block diagram showing a preferred 
embodiment of the system according to the present 
invention; 

FIG. 6 is a block diagram showing a preferred 
embodiment of each optical repeater shown in FIG. 5; and 

FIG. 7 is a block diagram showing a specific 
embodiment of the optical repeater shown in FIG. 6. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Some preferred embodiments of the present invention 
will now be described in detail with reference to the 
attached drawings. 

FIG. 1 is a block diagram showing a first preferred 
embodiment of the optical device according to the present 
invention. This optical device includes an optical path 6 
provided between an input port 2 and an output port 4, 
and an optical loop 8 optically coupled to the optical 
path 6. Each of the optical path 6 and the optical loop 8 
is provided by an optical fiber , for example. In this 
case, the optical coupling between the optical path 6 and 
the optical loop 8 may be made by a fiber fusion type 
optical coupler 10. Accordingly, a part of the optical 
path 6 and a part of the optical loop 8 are provided by 
the optical coupler 10. 

The optical loop 8 includes an optical amplifier 12 
for compensating for a loss in the optical loop 8 so that 
laser oscillation occurs in the optical loop 8, an 
adjuster 14 configured by a delay circuit having a 
variable delay time T, and a nonlinear medium (nonlinear 
optical medium) 16. Particularly in this preferred 
embodiment, the optical loop 8 further includes an 
optical bandpass filter 18 having a passband including a 
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wavelength A c of the laser oscillation. 

Signal light modulated at a frequency f s is 
supplied to the input port 2, and a part of the supplied 
signal light is introduced through the optical coupler 10 
into the optical loop 8. The optical path length L of the 
optical loop 8 is preliminarily adjusted by the adjuster 
14 so that the modulation frequency f s of the signal light 
becomes equal to an integral multiple of the reciprocal A 
v = c/L (c: light velocity) of a recirculation period of 
the optical loop 8, The optical amplifier 12 may be 
provided by an EDFA (erbium doped fiber amplifier), for 
example. 

Particularly in this preferred embodiment , the 
nonlinear medium 16 is provided by a third-order 
nonlinear medium. Without a signal input, a continuous 
wave at wavelength of A c is lased from the optical loop 8. 
When the signal light is introduced into the nonlinear 
medium 16, the rasing wave (CW) is amplitude-modulated 
(AM) or frequency-modulated (FM) in the nonlinear medium 
16, and then mode-locked to the frequency of f s . As a 
result, clock pulses (optical clock) having a wavelength 
A c and a frequency f s are generated or regenerated, and 
the clock pulses are output through the optical coupler 
10 from the output port 4. This will now be described 
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more specifically. 

Continuous wave (CW) laser light having a 
wavelength A c is preliminarily oscillated by a ring laser 
configured by the optical loop 8, and signal light having 
a wavelength A s and a frequency (bit rate or speed) f s is 
input into the optical loop 8. At this time, four-wave 
mixing (FWM) employing this signal light as pump light 
(excitation light) is generated in the nonlinear medium 
16 , so that the CW light having the wavelength A c is 
amplitude-modulated by the signal light. The amplitude- 
modulated CW light includes a component of the 
fundamental frequency f s . Accordingly, by setting the 
optical path length of the optical loop 8 as mentioned 
above, clock pulses having a frequency f s are generated. 

Thus, clock pulses can be obtained without the need 
for opto/electric conversion in this preferred embodiment, 
so that it is possible to provide an all-optical clock 
regenerator not depending on the bit rate, pulse shape, 
etc. of signal light. 

The nonlinear medium 16 may be provided by a 
semiconductor optical amplifier (SOA), a single-mode 
fiber, or a dispersion shifted fiber (DSF). It is 
effective to use a highly-nonlinear DSF (HNL-DSF) having 
high nonlinear effects as the DSF. 
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FIG. 2 shows a second preferred embodiment of the 
optical device according to the present invention using 
an SOA 20 as the nonlinear medium 16, and FIG. 3 shows a 
third preferred embodiment of the optical device 
according to the present invention using an HNL-DSF 22 as 
the nonlinear medium 16. In the case of using the SOA 20 
as the nonlinear medium 16 as shown in FIG. 2, gain is 
generated in the nonlinear medium 16. Accordingly, the 
optical amplifier 12 for maintaining the laser 
oscillation in the optical loop 8 may be eliminated. More 
generally, in the case that the linear or nonlinear gain 
in the nonlinear medium 16 is sufficiently large, the 
optical amplifier 12 may be eliminated. 

In the case that the HNL-DSF 22 is used as the 
nonlinear medium 16 as shown in FIG. 3, the wavelength A s 
of signal light is preferably set substantially equal to 
the zero-dispersion wavelength A 0 of the HNL-DSF 22, so 
as to most efficiently generate FWM in the nonlinear 
medium 16. With this setting, optimum phase matching can 
be attained, and a broadest conversion band and a maximum 
conversion efficiency can be obtained. The term of 
"conversion" used herein means conversion from signal 
light to clock pulses. Further, by managing the zero- 
dispersion wavelength A 0 of the HNL-DSF 22 to a constant 
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value with high accuracy , the conversion band can be 
broadened. This will now be described more specifically. 

The nonlinear coefficient 7 of a usual DSF is as 
small as about 2.6 wMon" 1 . Therefore, to obtain a 
sufficient conversion efficiency in the case of using 
such a usual DSF as the nonlinear medium 16 for 
generating FWM, the fiber is required to have a length of 
10 km or more. It is accordingly desired to provide a DSF 
(HNL-DSF as mentioned above) having a large nonlinear 
coefficient 7 enough to reduce the fiber length. If the 
length of a DSF used as the nonlinear medium 16 for 
generating FWM can be reduced, the zero-dispersion 
wavelength of the DSF can be managed with high accuracy, 
thereby facilitating exact matching of the wavelength of 
signal light to the zero-dispersion wavelength of the DSF. 
As a result, a broad conversion band can be obtained. 

In increasing the nonlinear coefficient 7 , 
increasing the nonlinear refractive index n 2 or decreasing 
a mode field diameter (MFD) corresponding to the 
effective core area A eff is effective. Increasing the 
nonlinear refractive index n 2 can be effected by doping 
the cladding with fluorine or the like or by doping the 
core with a high concentration of Ge0 2 , for example. By 
doping the core with 25 - 30 mol% of Ge0 2 , a large value 
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of 5 X 10" 20 m 2 /W or more is obtained as the nonlinear 
refractive index n 2 (in comparison, about 3.2 X 10" 20 m 2 /W 
for a normal silica fiber). Decreasing the MFD can be 
effected by suitably setting a relative index difference 
A or by suitably designing the core shape. For example, 
by doping the core with 25 - 30 mol% of Ge0 2 and setting 

the relative index difference A to 2. 5-3.0%, a small 
value of less than 4/^m is obtained as the MFD. As the 
total effect, a large value of 15 W^kitf 1 or more is 
obtained as the nonlinear coefficient y . 

Another important factor to be considered is that 
the DSF providing such a large value as the nonlinear 

coefficient y must have a zero-dispersion wavelength 
substantially coinciding with the wavelength of signal 
light. Such coincidence between the zero-dispersion 
wavelength and the wavelength of signal light can be 
attained by setting the fiber parameters (e.g., relative 
index difference A and MFD) in the following manner. 
When the relative index difference A in a normal optical 
fiber is increased with the MFD fixed, the dispersion is 
increased in a normal dispersive region. On the other 
hand, the larger the core diameter, the smaller the 
dispersion, while the smaller the core diameter, the 
larger the dispersion. Accordingly, zero dispersion for 
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signal light can be obtained by first setting the MFD to 
a certain value adapted to the band of the signal light 
and thereafter adjusting the core diameter so that the 
zero-dispersion wavelength coincides with a predetermined 
wavelength of the signal light. 

A conversion efficiency ?? c in an optical fiber 
having a length L and a loss a can be approximated by the 
following equation. 

V c - exp(-aL) ( y P P L) 2 ... (1) 
where P p is the average pump light power (signal light 
power). Accordingly, as compared with a normal DSF having 
a nonlinear coefficient y of 2.6 W^km" 1 , a fiber having a 
nonlinear coefficient y of 15 W^kirf 1 can achieve the same 
conversion efficiency with a length smaller by 2.6/15 == 
1/5.7. In such a normal DSF, a fiber length of about 10 
km is required as mentioned above to obtain a 
sufficiently large conversion efficiency. To the contrary, 

in such an HNL-DSF having a large nonlinear coefficient y 
as mentioned above, a similar conversion efficiency can 
be obtained with a smaller length of about 1 - 2 km. In 
actual, the loss is also reduced by an amount 
corresponding to the reduction in the fiber length, so 
that the fiber length can be further reduced to obtain 
the same conversion efficiency. In such a shorter DSF, 
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the controllability of the zero-dispersion wavelength is 
improved and therefore the wavelength of the signal light 
can be made to exactly coincide with the zero-dispersion 
wavelength , thus obtaining a broad conversion band. 
Furthermore, when the fiber length is several kilometers, 
a polarization plane maintaining ability is ensured, so 
that the use of such an HNL-DSF is greatly effective in 
achieving a high conversion efficiency and a broad 
conversion band and in eliminating polarization 
dependence. 

However, the zero-dispersion wavelength of an 
actual optical fiber varies along its length because of 
problems in a manufacturing technique for the optical 
fiber, with the result that the phase matching condition 
is deviated from the ideal condition, causing limitation 
of the conversion band. However, by cutting an optical 
fiber into a plurality of small sections and then 
connecting, e.g., splicing the small sections in such an 
order that the adjacent ones of the small sections have 
similar zero-dispersion wavelengths (in an order 
different from the initial order counted from an end of 
the optical fiber), an optical fiber having a broad 
conversion band can be obtained with the average of 
chromatic dispersions over the entire fiber length being 
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unchanged. 

Alternatively, a broad conversion band can be 
obtained by preparing a plurality of fibers each having a 
length (e.g., hundreds of meters or less) allowing 
dispersion management with a high accuracy so required as 
to obtain a sufficiently broad conversion band, then 
combining and splicing some of the fibers having required 
zero-dispersion wavelengths to obtain a fiber having a 
length required to obtain a required conversion 
efficiency, and providing a nonlinear medium by use of 
this fiber. 

In the case of broadening the conversion band as 
mentioned above, it is effective to gather the fiber 
portions having smaller variations in zero-dispersion 
wavelength near a pump light (signal light) input end of 
a nonlinear optical medium, because the power of pump 
light is higher near the pump light input end. Further, 
the conversion band can be further broadened by 
increasing the number of fiber sections as required 
and/or by alternately arranging the positive and negative 
signs of dispersion at a portion distant from the pump 
light input end. 

In dividing an optical fiber into a plurality of 
sections as mentioned above, an index of determining 
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whether or not the length of each section is sufficiently 
small may be based on the nonlinear length* It can be 
considered that phase matching in FWM in a fiber having a 
length sufficiently smaller than the nonlinear length is 
dependent on the average dispersion of the fiber. As an 
example, in FWM using a pump light power of about 30 mW 

in a fiber having a nonlinear coefficient y of 2.6 W^km" 1 , 
the nonlinear length becomes about 12.8 km, so that the 
above-mentioned index is equal to about 1/10 of this 
length, i.e., about 1 km. As another example, in FWM 
using a pump light power of about 30 mW in a fiber having 
a nonlinear coefficient y of 15 W^knT 1 , the nonlinear 
length becomes about 2.2 km, so that the above-mentioned 
index is equal to about 1/10 of this length, i.e., about 
200 m. in any case, by measuring the average zero- 
dispersion wavelengths of fibers each having a length 
sufficiently smaller than the nonlinear length, and 
combining the fibers having substantially the same 
average zero-dispersion wavelength to provide a nonlinear 
medium, the conversion efficiency can be increased and 
the conversion band can be broadened. 

The dispersion of the HNL-DSF 22 is preferably set 
so that no walk-off of two pulses (one of the pulses of 
the signal light and one of the clock pulses) is 
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generated. As an example, the zero-dispersion wavelength 
of the HNL-DSF 22 is set near the middle between the 
wavelength of the signal light and the wavelength of the 
clock pulses. Alternatively, the zero-dispersion 
wavelength is set longer or shorter than the wavelengths 
of the two pulses. In the case that the zero-dispersion 
wavelength is set longer than the wavelengths of the two 
pulses, the dispersion of the HNL-DSF 22 falls in a 
normal dispersive region, so that modulation instability 
effects can be suppressed. In the case that the zero- 
dispersion wavelength is set shorter than the wavelengths 
of the two pulses, the dispersion of the HNL-DSF 22 falls 
in an anomalous dispersive region, so that soliton 
effects can be used. How the zero-dispersion wavelength 
is set may be determined according to actual system 
conditions . 

In the case of using the HNL-DSF 22 as the 
nonlinear medium 16 and requiring suppression of 
stimulated Brillouin scattering (SBS) due to high signal 
light power, it is desirable to frequency-modulate or 
phase-modulate the signal light at a frequency 
sufficiently lower than the bit rate of the signal. 

FIG. 4 is a block diagram showing a fourth 
preferred embodiment of the optical device according to 
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the present invention. In this preferred embodiment , an 
optical amplifier 24 is connected between the input port 
2 and the optical coupler 10 , so as to increase the power 
of signal light to thereby increase the efficiency of FWM 
in the nonlinear medium 16. The optical amplifier 24 is 
provided by an EDFA, for example. Further, an optical 
bandpass filter 26 is provided between the optical 
amplifier 24 and the optical coupler 10, so as to remove 
amplified spontaneous emission (ASE) noise added in the 
optical amplifier 24. The filter 26 has a passband 
including the wavelength A s of the signal light. 

Further, an optical bandpass filter 28 is provided 
between the optical coupler 10 and the output port 4, so 
as to extract regenerated clock pulses. The filter 28 has 
a passband including the wavelength A G of the clock 
pulses. By using the filter 28, the signal light can be 
removed in the filter 28 to thereby output only the 
obtained clock pulses from the output port 4. 

FIG. 5 is a block diagram showing a preferred 
embodiment of the system according to the present 
invention. This system includes an optical fiber 
transmission line 30 for transmitting signal light, and a 
plurality of optical repeaters (R) 32 (two being shown) 
arranged along the optical fiber transmission line 30. A 
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single optical repeater may be used instead* Signal light 
is supplied from an optical sender (OS) 34 to the optical 
fiber transmission line 30 , and the signal light 
transmitted by the optical fiber transmission line 30 is 
received by an optical receiver (OR) 36. 

According to the present invention, each optical 
repeater 32 can provide so-called 3R functions without 
the need for opto/electric conversion. The term of "3R" 
means Reshaping, Retiming, and Regeneration. 

FIG. 6 is a block diagram showing a preferred 
embodiment of each optical repeater 32 shown in FIG. 5. 
The signal light supplied is split into first and second 
signal lights at a splitting point 38. The splitting 
point 38 is provided by an optical coupler, for example. 
The first signal light is amplified by an optical 
amplifier 4 0 with a predetermined gain, and the amplified 
signal light is then supplied to a waveform shaper 42. On 
the other hand, the second signal light is supplied to a 
clock regenerator 44. The clock regenerator 44 
regenerates clock pulses by the mode locking of laser 
oscillation by the signal light according to the present 
invention. The waveform shaper 42 performs waveform 
shaping of the signal light by AND gating of the signal 
light and the clock pulses regenerated by the clock 
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regenerator 44. Regenerated signal light obtained by the 
waveform shaping is output from the waveform shaper 42. 

More specifically, the waveform shaper 42 has a 
discriminating function based on optical level such that 
when the input signal light is composed of pulses having 
signal intensities higher than a given discrimination 
point , the pulses are determined to be on-pulses, whereas 
when the input signal light is composed of pulses having 
signal intensities lower than the discrimination point, 
the pulses are determined to be off-pulses. In the case 
of the on-pulses, the waveform shaper 42 outputs optical 
pulses, but in the case of the off -pulses, the waveform 
shaper 42 outputs no optical pulses. By performing the 
waveform shaping in synchronism with the regenerated 
clock pulses, signal regeneration based on optical level 
can be effected with timing being taken. 

In the system shown in FIG. 5, the waveform of the 
signal light is distorted by dispersion and nonlinear 
effects in the optical fiber transmission line 30, or 
waveform degradation occurs because of the accumulation 
of ASE noise in the optical amplifiers during repeatered 
transmission, with the configuration of each optical 
repeater 32 shown in FIG. 6, the 3R functions can be 
obtained according to the present invention. Accordingly, 
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by repeating these functions, long-haul transmission can 
be effected. 

While the optical amplifier 40 is provided between 
the splitting point 38 and the waveform shaper 42 in the 
preferred embodiment shown in FIG. 6, the optical 
amplifier 40 may be provided upstream of the splitting 
point 38, or inside of the waveform shaper 42, or 
downstream of the waveform shaper 42. The optical 
amplifier 40 is provided by an EDFA, for example. 

Further, while the optical device according to the 
present invention is used as the clock regenerator 44 
included in each optical repeater 32 in this preferred 
embodiment, the clock pulses may be regenerated at the 
output end of the optical fiber transmission line 30 by 
the optical device according to the present invention. In 
this case, the optical device according to the present 
invention is provided in the optical receiver 36, for 
example. 

The waveform shaper 42 may be provided by a device 
using a saturable absorber, for example. In this case, 
nonlinear (saturation) effects at a rising region (low- 
power region) and a peak region (high-power region) of a 
pulse can be exhibited with respect to the power of input 
signal light, thereby compressing waveform distortions at 
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these regions. 

FIG. 7 is a block diagram showing a specific 
embodiment of the optical repeater 32 shown in FIG. 6. A 
nonlinear optical loop mirror (NOLM) is used as the 
waveform shaper 42. 

More specifically, the waveform shaper 42 includes 
an optical coupler 50 having optical paths 46 and 48 
directionally coupled to each other, a loop optical path 
52 for connecting the optical paths 46 and 48, an optical 
coupler 56 having an optical path 54 directionally 
coupled to the loop optical path 52. The loop optical 
path 52 is provided by an HNL-DSF, for example. The 
optical path 46 is connected to the clock regenerator 44. 
The optical path 48 serves as an output port of this 
optical repeater 32. The optical path 54 is connected to 
the optical amplifier 40. 

The clock pulses regenerated by the clock 
regenerator 44 are supplied as probe pulses to the NOLM, 
and the signal light amplified by the optical amplifier 
40 is supplied as control pulses to the NOLM. The power 
P s of the input signal light is adjusted so that a 

difference $ in phase shift due to cross-phase modulation 
(XPM) between clock pulses propagating clockwise in the 
loop optical path 52 and clock pulses propagating 
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counterclockwise in the loop optical path 52 after split 
at the optical coupler 50 becomes about 7T. At this time, 
switching of the clock pulses occurs and the regenerated 
signal light subjected to waveform shaping is generated 
with the same wavelength as that of the clock pulses. 

The dispersion of the HNL-DSF used as the loop 
optical path 52 is preferably set so that no walk-off of 
two pulses (one of the pulses of the signal light and one 
of the clock pulses) is generated. As an example, the 
zero-dispersion wavelength of the HNL-DSF is set near the 
middle between the wavelength of the signal light and the 
wavelength of the clock pulses* Alternatively, the zero- 
dispersion wavelength is set longer or shorter than the 
wavelengths of the two pulses. In the case that the zero- 
dispersion wavelength is set longer than the wavelengths 
of the two pulses, the dispersion of the HNL-DSF falls in 
a normal dispersive region, so that modulation 
instability effects can be suppressed. In the case that 
the zero-dispersion wavelength is set shorter than the 
wavelengths of the two pulses, the dispersion of the HNL- 
DSF falls in an anomalous dispersive region, so that 
soliton effects can be used. How the zero-dispersion 
wavelength is set may be determined according to actual 
system conditions. 
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Further , an optical filter and an optical isolator 
may be provided upstream or downstream of the 
configuration shown in FIG, 7 or inside of the 
configuration shown in FIG, 7. 

While the NOLM is used as the waveform shaper in 
the above preferred embodiment for illustration, an 
interferometer configuration in accordance with a similar 
principle may be used instead. 

According to the present invention as described 
above, it is possible to provide a method, device, and 
system for regeneration and application of an optical 
clock not depending on the bit rate, pulse shape, etc. of 
signal light without the need for opto/electric 
conversion. As a result, various performance limits in 
the existing linear optical communication system can be 
broken down. 

The present invention is not limited to the details 
of the above described preferred embodiments . The scope 
of the invention is defined by the appended claims and 
all changes and modifications as fall within the 
equivalence of the scope of the claims are therefore to 
be embraced by the invention. 
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WHAT IS CLAIMED IS: 

1. An optical device comprising: 

an optical path provided between an input port to 
which signal light modulated at a frequency f s is supplied 
and an output port; and 

an optical loop optically coupled to said optical 

path; 

said optical loop comprising: 

an optical amplifier for compensating for a loss in 
said optical loop so that laser oscillation occurs in 
said optical loop; 

an adjuster for adjusting an optical path length of 
said optical loop so that said frequency f s becomes equal 
to an integral multiple of the reciprocal of a 
recirculation period of said optical loop; and 

a nonlinear optical medium for mode-locking said 
laser oscillation according to said signal light. 

2 . An optical device according to claim 1 , wherein 
said optical loop further comprises an optical bandpass 
filter having a passband including the wavelength of said 
laser oscillation. 

3. An optical device according to claim 1, further 
comprising an optical coupler for optically coupling said 
optical path and said optical loop, said optical coupler 
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providing a part of said optical path and a part of said 
optical loop. 

4. An optical device according to claim 1, wherein: 
said nonlinear optical medium comprises a third- 
order nonlinear optical medium; and 

amplitude modulation is performed in said nonlinear 
optical medium by four-wave mixing using said signal 
light as pump light. 

5. An optical device according to claim 1, wherein 
said nonlinear optical medium comprises a semiconductor 
optical amplifier. 

6. An optical device according to claim 1, wherein 
said nonlinear optical medium comprises a single-mode 
fiber. 

7. An optical device according to claim 1, wherein 
said nonlinear optical medium comprises a highly- 
nonlinear dispersion shifted fiber. 

8. An optical device according to claim 6 or 1, 
wherein said nonlinear optical medium has a zero- 
dispersion wavelength substantially equal to the 
wavelength of said signal light. 

9. An optical device according to claim 1, further 
comprising an input optical amplifier optically connected 
to said input port for amplifying said signal light. 
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10. An optical device according to claim 9, further 
comprising an optical bandpass filter optically connected 
between said input port and said input optical amplifier 
and having a passband including a wavelength of said 
signal light. 

11. An optical device according to claim 1, further 
comprising an optical bandpass filter optically connected 
to said output port and having a passband including a 
wavelength of light obtained by said laser oscillation. 

12. An optical device according to claim 1, further 
comprising a waveform shaper optically connected to said 
output port for performing waveform shaping of said 
signal light according to an optical clock output from 
said output port. 

13. An optical device according to claim 12, wherein 
said waveform shaper comprises a nonlinear optical loop 
mirror . 

14. A system comprising: 

an optical fiber transmission line for transmitting 
signal light modulated at a frequency f s ; and 

an optical device connected to an output end of 
said optical fiber transmission line; 

said optical device comprising: 

an optical path provided between an input port to 
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which said signal light is supplied and an output port; 
and 

an optical loop optically coupled to said optical 

path; 

said optical loop comprising: 

an optical amplifier for compensating for a loss in 
said optical loop so that laser oscillation occurs in 
said optical loop; 

an adjuster for adjusting the optical path length 
of said optical loop so that said frequency f s becomes 
equal to an integral multiple of the reciprocal of a 
recirculation period of said optical loop; and 

a nonlinear optical medium for mode-locking said 
laser oscillation according to said signal light. 
15. A system comprising: 

an optical fiber transmission line for transmitting 
signal light; and 

at least one optical repeater arranged along said 
optical fiber transmission line; 

each of said at least one optical repeater 
comprising: 

an optical clock regenerator for regenerating an 
optical clock by mode locking of laser oscillation 
according to said signal light; and 
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a waveform shaper for performing waveform shaping 
of said signal light according to said optical clock 
regenerated by said optical clock regenerator. 

16. A system according to claim 15, wherein said 
waveform shaper comprises a nonlinear optical loop mirror. 

17. A method comprising the steps of: 

(a) generating laser oscillation in an optical loop 
including a nonlinear optical medium; 

(b) introducing signal light modulated at a 
frequency f s into said optical loop; 

(c) adjusting the optical path length of said 
optical loop so that said frequency f s becomes equal to an 
integral multiple of the reciprocal of a recirculation 
period of said optical loop; and 

(d) regenerating an optical clock by mode-locking 
said laser oscillation according to said signal light. 
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ABSTRACT OF THE DISCLOSURE 

The present invention relates to an optical device for 
regenerating an optical clock. The optical device 
includes an optical path provided between an input port 
to which signal light modulated at a frequency f s is 
supplied and an output port, and an optical loop 
optically coupled to the optical path. The optical loop 
includes an optical amplifier for compensating for a loss 
in the optical loop so that laser oscillation occurs in 
the optical loop, an adjuster for adjusting the optical 
path length of the optical loop so that the frequency f 3 
becomes equal to an integral multiple of the reciprocal 
of a recirculation period of the optical loop, and a 
nonlinear optical medium for mode-locking the laser 
oscillation according to the signal light. For example, 
in the nonlinear optical medium, four-wave mixing using 
the signal light as pump light is generated by third- 
order nonlinear effects to perform amplitude modulation 
and regenerate an optical clock at the wavelength of the 
laser oscillation. 
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